Rationale There is a clear need for discovery of effective medications to treat behavioral pathologies associated with alcohol addiction, such as chronic drinking. Objective The goal of this preclinical study was to assess effects of chronic alcohol drinking on the nucleus accumbens (NAcb) proteome to identify and validate novel targets for medications development. Materials and methods Two-dimensional difference in-gel electrophoresis (2D-DIGE) with matrix-assisted laser desorption ionization tandem time-of-flight (MALDI-TOF/TOF) was used to assess effects of chronic voluntary home-cage (24-h access) alcohol drinking on the NAcb proteome of C57BL/6J mice. To extend these findings to a model of alcohol self-administration and reinforcement, we investigated potential regulation of the positive reinforcing effects of alcohol by the target protein glutathione S-transferase Pi 1 (GSTP1) using a pharmacological inhibition strategy in mice trained to self-administer alcohol or sucrose. Results Expression of 52 unique proteins in the NAcb was changed by chronic alcohol drinking relative to water control (23 upregulated, 29 downregulated). Ingenuity Pathway Analysis showed that alcohol drinking altered an array of protein networks associated with neurological and psychological disorders, molecular and cellular functions, and physiological systems and development. DAVID functional annotation analysis identified 9 proteins (SNCA, GSTP1, PRDX3, PPP3R1, EIF5A, PHB, PEBP1/RKIP, GAPDH, AND SOD1) that were significantly overrepresented in a functional cluster that included the Gene Ontology categories Bresponse to alcohol^and Baging.^Immunoblots confirmed changes in Pebp1 (RKIP) and GSTP1 in NAcb with no change in amygdala or frontal cortex, suggesting anatomical specificity. Systemic inhibition of GSTP1 with Ezatiostat (0-30 mg/kg, i.p.) dose-dependently reduced the reinforcing effects of alcohol as measured by operant self-administration, in the absence of motor effects. Sucrose self-administration was also reduced but in a manner associated with nonspecific motor inhibition. Conclusions Protein expression profiling identified an array of proteins and networks in the NAcb, including GSTP1, that are novel molecular targets of chronic alcohol drinking. Pharmacological inhibition of GSTP1 significantly reduced the positive reinforcing effects of alcohol, which regulate repetitive use and abuse liability. The observation that this protein was both upregulated after chronic drinking and that its inhibition could modulate the reinforcing properties of alcohol suggests that it is a key target for alcohol-related pathologies. Proteomic strategies combined with specific preclinical models has potential to identify and validate novel targets of alcohol that may be useful in the medical management of alcohol addiction.
Introduction
Alcohol addiction is one of the most significant public health problems in modern society, but medical treatments are lacking. The National Epidemiologic Survey on Alcohol and Related Conditions recently found that repetitive 12-month alcohol use, high-risk drinking, and DSM-IV alcohol use disorder (AUD) are all increasing in the United States regardless of sex, age, racial/ethnicity, or socioeconomic status (Grant et al. 2017 ). This widespread pattern of repetitive alcohol use is associated with a DSM-5 AUD lifetime prevalence rate of 29.1% (Grant et al. 2015) . Maladaptive use of alcohol contributes to over 200 disease and injury conditions, accounts for 5.9% of all global deaths (3.3 million in 2012), and represents 5.1% of the global burden of disease and injury (WHO 2014) . Pharmacotherapy for alcohol abuse and dependence has potential to promote global health but current FDA approved medications are marginally effective, lack general efficacy, and suffer from low physician prescription and patient compliance rates (Bouza et al. 2004; Garbutt 2009; Heilig et al. 2011; Hersh et al. 1998; Kranzler 2000; Krystal et al. 2001) . Thus, there is a clear need for discovery of novel, effective medications to treat behavioral pathologies, and other disease states, associated with alcohol addiction.
Medications development for alcohol addiction can be achieved through a variety of strategies. For instance, hypothesis-driven research could utilize knowledge of neural mechanisms mediating alcohol reward, craving, altered executive function, or other aspects of addiction to develop and test compounds acting on specific molecular and cellular targets (Litten et al. 2012) . Similarly, unbiased screening methods, such as genomic or proteomic strategies, can be used with preclinical models to identify the spectrum of neural changes associated with specific disease states (Gorini et al. 2014) . Identification of druggable targets can be followed with compound testing in preclinical models to determine potential therapeutic efficacy.
Here we utilized a three stage preclinical medications development approach to identify, validate, and test neural targets with potential efficacy for therapeutic regulation of chronic drinking. First, target identification was achieved using two-dimensional difference in-gel electrophoresis (2D-DIGE) to evaluate effects of chronic voluntary alcohol drinking on the nucleus accumbens (NAcb) proteome of C57BL/6J mice. We have successfully used this strategy to assess effects of voluntary drinking on the amygdala proteome, which identified site-specific activity of CaMKIIα and AMPA receptors as novel molecular mechanisms of the positive reinforcing effects of alcohol (Salling et al. 2016) . In this study, we focused on the nucleus accumbens as a primary neural substrate of the positive reinforcing effects of alcohol (Hodge et al. 1997; Hodge et al. 1992; Samson and Hodge 1993) . Second, target validation was accomplished by independent replication of the chronic drinking method followed by evaluation of specific target proteins in individual mice via immunoblot. G l u t a t h i o n e S -t r a n s f e r a s e P -1 ( G S T P 1 ) a n d phosphatidylethanolamine-binding protein 1 (PEBP1 or RKIP) were chosen for validation following identification of these proteins as constituents of the Gene Ontology (GO) cluster GO:0045471 entitled Bresponse to ethanol.^Our goal was to further pursue 1 up-and 1 downregulated protein. Third, compound testing was conducted to determine if pharmacological inhibition of GSTP1 using the selective inhibitor Ezatiostat (Telintra®, TLK199) would alter the positive reinforcing effects of alcohol using a well-characterized operant self-administration protocol (Faccidomo et al. 2009; Faccidomo et al. 2016; Faccidomo et al. 2015) . The reinforcing effects of abused drugs represent a fundamental property of addiction liability and serve to maintain repetitive use over time. Thus, a pharmacological compound that reduces the reinforcing effects of a drug of abuse represents a highly significant candidate for further medications development. Based on the results of this three-stage preclinical medications development process of target identification, target validation, and compound testing, we propose that GSTP1 is a valid target for medications development and Ezatiostat, or related GSTP1 inhibitors, merit further testing for potential efficacy in reducing chronic alcohol use. Moreover, results show that GSTP1 is a key node in a variety of protein networks that regulate neurological diseases and basic molecular and cellular functions in the brain. Thus, manipulating GSTP1 has potential to restore homeostasis and reduce comorbidity. This proof of principle study suggests that neuroproteomic strategies have potential to identify therapeutic targets for specific behavioral pathologies in alcohol addiction, and that screening of other identified protein targets is warranted.
Materials and methods

Subjects
Male C57BL/6J mice (n = 50) were ordered from Jackson laboratories and arrived at 8 weeks old. Mice were housed singly in techniplast cages (12^× 6.5^× 7^) with continuous access to food and water. The colony room was maintained on a 12-h reverse-light cycle (Dark: 7 AM-7 PM). All animals were treated in accordance with University of North Carolina at Chapel Hill and NIH guidelines for the Care and use of Laboratory Animals (Council 2011). Experiment 1: effects of alcohol drinking on the nucleus accumbens proteome Home-cage alcohol drinking Home-cage drinking was conducted as described in (Besheer et al. 2006; Salling et al. 2016 ). Alcohol exposed mice had 24-h access to two graduated 10 mL drinking tubes containing alcohol vs. water for 28 days (Fig. 1a) . Alcohol concentration was increased during the first 4 days (days 1-2: 6% w/v; days 3-4: 10% w/v) and held constant thereafter (days 5-28: 20% w/v). Control mice had two water tubes. Volume consumed was recorded and tubes were refilled daily at 3 PM. Timecourse of drinking was assessed at 2-h intervals during the dark on days 14-15.
Protein expression profiling Mice were deeply anesthetized with pentobarbital, perfused with 1 M PBS, rapidly decapitated and brains were flash frozen in isopentane at 7 AM on the 29th experimental day (Fig. 1a) . Plasma was collected at that time and blood alcohol content was measured using an Analox G-5 Analyzer (Analox Instruments, Lunenburg, MA). Mice from alcohol vs water (n = 12) and water vs water control (n = 12) groups that showed stable levels of intake over the 28-day exposure, and that had zero BAC at the time of tissue collection, were used for the 2D-DIGE experiment (Fig. 1d ). Bilateral punches (1 mm diameter × 1 mm thick) were taken from coronal sections of the nucleus accumbens. Nucleus accumbens punches from each mouse were pooled (n = 3 mice per sample) to form a total of 4 alcohol and 4 water control samples, which were compared on 4 separate 2-D gels. Each pooled sample was formed by selecting subsets of mice that, when combined, showed no mean differences in alcohol or water intake. 2D-DIGE was performed as previously described (Agoglia et al. 2017; Salling et al. 2016) . Briefly, samples were sent to Applied Biomics, Inc. (Hayward, CA) for 2-D-DIGE analysis under established protocols. Image scans of each gel were obtained with Typhoon Trio (Amersham Biosciences, Buckinghamshire, UK). In-gel and cross-gel analyses were performed using DeCyder software 6.5 (GE-Healthcare, Buckinghamshire, UK).
For differential in-gel analysis (DIA), DeCyder identified individual spot boundaries by calculating area, peak height and peak slope of the fluorescent signal intensity for alcohol (red) and water (green). Spot volume (sum of pixel intensities within the spot boundary) was then calculated and expressed as a ratio (alcohol/water) for each spot on all 4 gels to indicate the relative change in signal. DeCyder represented the ratio in the range of 1 to ∞ for alcohol-induced increases in spot volumes and − 1 to -∞ for alcohol-induced decreases in spot volumes. Values between − 1 and 1 were not represented; thus, a twofold increase and decrease is represented by 2 and − 2, respectively (not 2 and 0.5). Average ratio values (n = 4 Fig. 1 Experimental timeline and parameters of drinking for proteomic mice. a Schematic representation of experimental procedure. After 28 days of alcohol or water home cage drinking, brains were sacrificed at T = 0 (7 AM) on the 29th day. Bilateral tissue punches were collected from the NAC and n = 3 mice (6 punches) were pooled to form a sample. 4 replicate gels were run (4 alcohol and 4 water gels) for the proteomic analysis. b Daily alcohol intake (g/kg) plotted as a function of exposure day (n = 12). Dashed line represents overall (days 5-28) average alcohol (20% v/v) intake of 14.86 g/kg. c Circadian pattern of water (green circle; mls/2 h) and alcohol (red triangle; g/kg/2-h) plotted as a function of time. Intake was measured for 24-h at 2-h intervals during the dark cycle. Time = 0 corresponds to 7 AM on day 14 (n = 12). d Average water (mls) and alcohol intake (g/kg) from the last 7 days plotted as a function of pooled sub-groups (n = 3/group/gel). Data represent MEAN ± SEM gels) are shown in Tables 1 and 2 . For cross-gel comparisons, the DIA quantified protein spots as a function of an internal standard consisting of equal amounts of water and alcohol sample on each gel. Statistical comparisons of average alcohol vs water sample intensities between gels (n = 4) were then conducted based on the relative change of each sample to its in-gel internal standard. This process effectively removes the system (gel-to-gel) variation enabling accurate quantitation of changes between samples. The log10 of this value (referred to as standardized log abundance) was used to aid scaling in graphical representation (Fig. 2) and was employed in all statistical analyses.
All protein spots that met the following a priori criteria (average change greater than 25%, change appeared in all 4 gels, significance determined by t test, p < 0.05) were picked up by Ettan Spot Picker (GE-Healthcare, Buckinghamshire, UK), digested in-gel with trypsin, peptides were extracted, desalted and subjected to MALDI-TOF/TOF (Applied Biosystems, Foster City, CA). Resulting peptide masses and fragmentation spectra were submitted to GPS Explorer (V. 35) Bioinformatics Initial functional annotation clustering was co ndu cte d usin g the Data base f or A nno tatio n, Visualization and Integrated Discovery (DAVID; version 6.8) to identify potential overrepresentation of identified proteins and their co-association within the Gene Ontology (GO) category Biological Process (BP). In addition, protein identifiers, fold-change, and p values from the proteomic analysis were uploaded to Ingenuity Pathway Analysis (IPA; QIAGEN Redwood City, CA) system for further dataset enrichment as described (Agoglia et al. 2017; Salling et al. 2016 ). The following parameters were used for Core Analysis: Ingenuity Knowledge Base (genes only); direct and indirect relationships; interaction networks; all data sources; experimentally observed confidence intervals; mouse (species).
Experiment 2: independent confirmation of 2D-DIGE changes
To independently confirm a subset of 2D-DIGE changes, nucleus accumbens, prefrontal cortex, and amygdala tissue punches (1 × 1 mm) were obtained from additional mice (alcohol vs. water controls, n = 8/group) that underwent the home-cage drinking protocol as described above. GSTP1 (R&D Systems; monoclonal mouse anti-GSTP1 antibody; 1:2500 dilution; 3% Normal Goat Serum blocking buffer) and RKIP (Cell Signaling; rabbit monoclonal anti-RKIP antibody; 1:2000 dilution; 5% Normal Goat Serum blocking buffer) protein expression were analyzed via Western Blot as reported previously (Agoglia et al. 2017; Salling et al. 2016; Wilkie et al. 2007 ). Optical density of each band at corresponding molecular weight was measured using ImageQuant (GE, Fairfield, CT) software by an experimenter blind to experimental condition. Values were then calculated as percent GAPDH or actin (loading control) and percent control (water) for each blot. Experiment 3: effects of GSTP1 inhibition on alcohol self-administration
Operant self-administration apparatus and procedure Mouse alcohol self-administration sessions were conducted in 16 computer-controlled operant conditioning chambers (Med Associates, St. Albans, VT) as reported previously (Faccidomo et al. 2009; Faccidomo et al. 2016; Faccidomo et al. 2015; Salling et al. 2008) . Each chamber contained 2 retractable levers. Responses on one lever (active lever) were reinforced by presentation of sucrose or sweetened alcohol (0.14 mL/800 ms/reinforcer) into an adjacent drinking cup via syringe pump. Responses on the other lever (inactive lever) were recorded but produced no programmed consequences. One week after arrival in the colony, mice were provided access to 9% ethanol (v/v) + 2% sucrose (w/v) solution or water in their home cage. After 2 weeks of home-cage intake, separate groups of mice (n = 8/group) were trained to lever press on a fixed-ratio 4 (FR4) schedule of sweetened alcohol reinforcement as described (Faccidomo et al. 2009 ). Subsequent 1-h behavioral test sessions were conducted in the dark, between 0900 and 1500 h, 6 days/week. The drinking trough was checked at the end of each session to verify consumption of all delivered fluid.
GSTP1 inhibition
To evaluate the potential regulation of alcohol self-administration by GSTP1, mice were first habituated to intraperitoneal (i.p) injections of DMSO (10% v/v) via 7 injections 30-min prior to self-administration sessions. Subsequently, the GSTP1 inhibitor Ezatiostat (0, 1, 10, or 30 mg/kg, i.p.) was administered 30-min prior to alcohol self-administration sessions according to a Latin-Square design with no more than 2 injections per week.
Sucrose self-administration controls A separate group of mice (n = 8) was trained to self-administer sucrose (2% w/v) under the same behavioral protocol as used for the alcohol group. The dose effect curve for Ezatiostat (0-30 mg/kg, i.p.) was evaluated as described for alcohol self-administration.
Locomotor activity Spontaneous locomotor activity was assessed to determine if Ezatiostat-induced changes in operant behavior were due to nonspecific motor effects. These tests occurred in the operant self-administrating mice after completion of the self-administration dose effect curve. Ezatiostat (0, 10, or 30 mg/kg, i.p.) was administered 30-min prior to placement in Plexiglass activity monitor chambers (27.9 cm 2 ; ENV-510, Med Associates). Horizontal distanced traveled (cm) were recorded for 1 h to correspond with the duration of selfadministration sessions as described (Faccidomo et al. 2009 ).
Drugs
For home-cage drinking and operant self-administration, 95% ethyl alcohol was diluted with distilled water to produce either 6, 9, 10, or 20% v/v alcohol solution. The GSTP1 inhibitor Ezatiostat Hydrochloride(ethyl(2S)-2-amino-5-[[(2R)-3-b e n z y l s u l f a n y l -1 -[ [ ( 1 R ) -2 -e t h o x y -2 -o x o -1 -phenylethyl]amino]-1-oxopropan-2-yl]amino]-5-oxopentanoate;hydrochloride, ApexBio, Houston, TX) was dissolved in a 10% DMSO vehicle. Injection volume was 1 ml/100 g of body weight.
Results
Experiment 1: effects of alcohol drinking on the nucleus accumbens proteome Alcohol drinking C57BL/6J mice consumed alcohol (20% v/v) vs. water under home-cage 24-h two-bottle choice conditions for 24 days. Total MEAN ± SEM alcohol (20% v/v) intake over the 24-day access period was in the sub-dependence range of 14.86 ± 0.33 g/kg/day (Fig. 1b) . Timecourse of drinking was measured on day 14 and showed a circadian pattern with most alcohol and water intake during the dark cycle (Fig. 1c) . Mice (n = 12) were divided into four subgroups (n = 3/group) for protein profiling. Subgroups were matched for total water and alcohol intake over the last 7 days of access (Fig. 1d) .
Differentially expressed proteins in the nucleus accumbens
At the onset of the dark cycle on day 29, 12 h after alcohol access, mice were rapidly decapitated and the brains were quickly frozen in − 20°C isopentane (Fig. 1a) . In alcoholexposed mice, blood alcohol content at the time of brain collection was 0.0 mg/dL. Subsequently, brains were sliced on a cryostat (Leica) and circular tissue punches (1 × 1 mm) were obtained from the prefrontal cortex, nucleus accumbens and amygdala. For proteomic analysis, NAcb tissue was pooled (n = 3/sample/condition; Fig. 1d ) and whole-cell lysates were compared between water and alcohol exposed mice on 4 replicate gels via 2D-DIGE (Fig. 2a) . Differential in-gel image analysis (DIA) using DeCyder software identified 62 spots that met the a priori criterion for selection, and 55 were identified using MALDI TOF/TOF ( Fig. 2b; Tables 1 and 2 ). DIA showed that expression ratios (alcohol/water) ranged from − 3.46-fold to 4.24-fold with 32 proteins showing a significant decrease and 23 showing increased expression (Tables 1 and  2 ). Cross-gel normalization was conducted via comparison of an internal standard made up of equal amounts of each sample (alcohol + water) on each gel.
Bioinformatics Functional annotation clustering using the DAVID bioinformatics resource identified a single statistically significant cluster associated with the Gene Ontology term (GO-term) Biological Process that included 9 target proteins (Fig. 2c) . Response to ethanol (GO-term: 0045471) was prominent within the functional cluster with 4 identified proteins. Two proteins from the response to ethanol cluster (GSTP1 and PEBP1) were chosen for independent validation via immunoblot (see below). Standardized abundance analysis (Log standardized abundance = 10 log (vol Cy5 or Cy3/vol Cy2) showed that these proteins were consistently changed across the 2D gels when normalized to pooled control (alcohol + water samples; Cy2) (Fig. 2d) .
Further dataset enrichment was conducted using Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Redwood City, CA). Protein ID's, fold-change, and p values were then submitted to IPA for core analysis. Results showed that cellular location of proteins was classified as follows: nucleus (9 proteins), cytoplasm (38 proteins), plasma membrane (2 proteins), extracellular space (3 protein) and other (3 proteins) (Tables 1 and 2 ). Broadly, two networks of known proteinprotein interactions related to neurological disease, organismal injury and psychological disorders were identified (Figs. 3 and 4; Table 3 ). Key functional clusters of these networks were identified by IPA and include disorders of the basal ganglia, cell-to-cell signaling, behavior, nervous system development and function, among others and the specific focus proteins that are associated with each function are noted in Table 3 . Proteinprotein interactions within these alcohol-sensitive networks were visualized using the IPA pathway designer and indicate key interaction proteins such as ERK1/2, which are known to be alcohol-sensitive ( Figs. 3 and 4 ; (Aroor and Shukla 2004; Faccidomo et al. 2009; Faccidomo et al. 2015; Girault et al. 2007; Jeanblanc et al. 2013; Ortiz et al. 1995; Radwanska et al. 2007) . Network 1 (Fig. 3) contains 24 alcohol-sensitive molecules and 10 statistically significant predicted interaction proteins. This network has a statistically significant p score of 62 in IPA analysis (p-score represents the negative Log of the p value (p-score = −log10 (P value)) obtained from a hypergeometric test of overrepresentation calculated by right-tailed Fisher's exact test.) Network 2 (Fig. 4) contains 12 alcohol-sensitive molecules and 23 statistically significant interacting proteins.
Experiment 2: independent confirmation of 2D-DIGE changes
Immunoblot analysis in separate mice (n = 8/group) confirmed that alcohol drinking (intake: 13.05 ± 0.44 g/kg/24 h) increased GSTP1 protein expression relative to water controls (t(13) = 1.79, p < 0.05)) in nucleus accumbens tissue analyzed from individual mice (Fig. 5a ). Alcohol drinking also reduced RKIP expression relative to water controls (t(11) = 2.03, p < 0.05)) in the nucleus accumbens (Fig. 5b) . No alcoholinduced changes GSTP1 or RKIP expression were observed in prefrontal cortex or amygdala (Fig. 5a, b) , suggesting that the changes in expression for both of these target proteins was anatomically restricted to the nucleus accumbens.
Experiment 3: effects of GSTP1 inhibition on alcohol self-administration
To extend the relevance of these findings, we sought to determine if GSTP1 activity regulates the positive reinforcing effects of alcohol. The GSTP1 inhibitor Ezatiostat (0-30 mg/kg, i.p.) was injected prior to operant self-administration sessions and effects on measures of operant self-administration were measured (Fig. 6) . A two-way repeated measures analysis of variance showed that alcohol-reinforced response rate increased as a function of time (F(12,72) = 49.7, p < 0.0001) (Fig. 6a) . Ezatiostat dose-dependently decreased alcoholreinforced response rate (F(3,18) = 9.7, p = 0.0005) in a time-dependent manner as indicated by a significant interaction between drug dose and time (F(36,216) = 4.9, p < 0.0001) (Fig. 6a ). Dunnett's multiple comparisons test showed that all doses of Ezatiostat produced reductions in alcohol-reinforced response rate starting at a range of time points during the session (Fig. 6a, left) . One-way repeated measured analysis of variance revealed that alcohol intake, measured by dose consumed (g/kg) was dose-dependently reduced by Ezatiostat (F(3,18) = 10.85, p = 0.006; data not shown). Post hoc analysis revealed that the two highest doses of Ezatiostat (10 and 30 mg/kg) significantly reduced alcohol intake as compared to vehicle injection. Headpokes (F(3,18) = 5.5, p = 0.009) and inactive lever responses (F(3,18) = 5.1, p = 0.03), were all significantly reduced at 30 mg/kg Ezatiostat (data not shown). Importantly, these behaviors were unaffected by the lowest two doses of Ezatiostat suggesting that the drug doses that reduce alcohol self-administration measures were selective for those behaviors. Moreover, open-field locomotor activity was unaltered after administration of Ezatiostat confirming the absence of a non-specific effect on motor activity (Fig. 6a, right) . Preference for the alcohol lever ranged from 70-80% across all conditions and was unaffected by drug treatment. Together, these results point to the specificity of low doses of Ezatiostat in reducing alcohol-reinforced responding in a dose-dependent manner. Fig. 2 2D -DIGE protein expression profiling of alcohol effects on nucleus accumbens with immunoblot confirmation. a Schematic describing 2D-DIGE workflow. Alcohol exposed tissue from the nucleus accumbens was combined with Cy3 (red) and water controls with Cy2 (green) dye and run in 2D-DIGE, with protein separating in the y plane via molecular weight and the x plane via isoelectrical focusing (IEF). DeCyder software identifies protein spots with significantly different florescent signals. Selected spots are subjected to tryptan digestion and identified via tandem MALDI TOF/TOF mass spectrometry. b Representative 2D-DIGE gel showing water (green), alcohol (red) and the merged image generated by ImageQuant software. IEF is indicated on the x axis with pH values and molecular weight is indicated on the y axis in kDa. Circles indicate location of differentially expressed spots on the gel as detected by DeCyder Image analysis. Numeric markers correspond to spot numbers listed in Tables 1 and 2 . White arrows correspond to proteins confirmed in Fig. 5 . c Statistically significant functional annotation cluster associated with the Gene Ontology term Biological Process, identified using the DAVID bioinformatics software. Cluster included 9 target proteins and Bresponse to ethanol^was identified as a functional property of this cluster. GSTP1 and Pebp1/RKIP were included in 5 of 6 of the functions of this cluster and were followed for additional analysis. d Standardized log abundance of GSTP1 (Spot 21) demonstrating higher expression in alcohol (red squares) vs. water (green circles) exposed accumbens tissue. Standardized log abundance of Pebp1/RKIP (Spot 23) demonstrating reduced alcohol (red squares) vs. water (green circles) exposed accumbens tissue To assess reinforcer specificity, effects of pre-session administration of Ezatiostat (0-30 mg/kg, i.p.) were tested in parallel behavior-matched controls. Sucrose-reinforced response rate increased as a function of time (F(12,72) = 25.2, p < 0.0001) in a manner qualitatively similar to sweetened alcohol response rate. Ezatiostat decreased sucrose-reinforced responding (F(3,18) = 4.5, p = 0.16) in a time-dependent manner (F(36,216) = 5.1, p < 0.0001). Dunnett's multiple comparisons test showed that Ezatiostat produced dose-dependent reductions in sucrosereinforced response rate only at the 30 mg/kg dose (Fig. 6b, left) . One-way repeated measured analysis of variance revealed that headpokes (F(3,18) = 5.0, p = 0.03) and inactive lever responses (F(3,18) = 6.5, p = 0.01) were both significantly reduced at 30 mg/kg Ezatiostat (data not shown). Preference for the alcohol lever was approximately 80% for most doses. Locomotor activity increased as a function of time (F(12,72) = 81, p < 0.0001) and Ezatiostat (0-30 mg/kg, i.p.) reduced open-field locomotor activity (F(2,12) = 4.4, p = 0.037) in a time-dependent manner (F(24,144) = 1.97, p < 0.007). Dunnett's multiple comparisons test showed that Ezatiostat (30 mg/kg) reduced locomotor activity during the 25-60 min interval (Fig. 6, right) . Together, the behavioral effects of Ezatiostat on both operant responding for sucrose and open field activity suggest that the reduction in sucrose-reinforced responding after administration of 30 mg/kg Ezatiostat was due to a non-specific locomotor effect in these mice.
Discussion
Alcohol addiction is a major public health problem that impacts quality of life on a global scale (WHO 2014). The Fig. 3 Interaction Network 1 showing relationships between proteins in the highest scored network (P-score = 62) identified by Ingenuity Pathway Analysis. The color of nodes indicates increased-(red) or decreased-(green) expression of a protein in alcohol drinking mice as relative to water drinking controls. Proteins in grey nodes were not identified as being differentially expressed in our study but represent interacting proteins that were identified in the computationally generated networks. Black lines represent direct relationships between proteins and dashed lines represent indirect relationships. The interacting proteins and relationships were all identified based on the wealth of evidence stored in the IPA knowledge memory indicating relevance for this network growing health, social, and economic impact of maladaptive alcohol use underscores the need for increased mechanistic understanding of alcohol addiction and development of targeted pharmacological therapeutics. One way to move the field forward is to identify novel biomarkers associated with specific behavioral pathologies in alcohol addiction and screen pharmacological compounds for potential efficacy (Litten et al. 2012; Litten et al. 2015) . Here we used a neuroproteomic strategy to identify targets of chronic voluntary alcohol drinking in the NAcb, a key component of the reward pathway that is known to regulate the reinforcing effects of alcohol in rodents (Hodge et al. 1995; Hodge et al. 1997; Hodge et al. 1992; Hodge et al. 1993; Koob and Volkow 2016; Rassnick et al. 1992; Samson and Hodge 1993) and reflect craving in alcoholics (Heinz et al. 2009 ). Following target identification, we sought to determine if systemic inhibition of an identified target, GSTP1, regulates the reinforcing effects of alcohol, which are required for repetitive maladaptive use. Pharmacological therapeutics that reduce the reinforcing effects of alcohol may be useful in the medical management of repetitive use at various stages of the addiction cycle.
2D-DIGE protein expression profiling followed by MALDI-TOF/TOF identified 52 unique proteins with 100% confidence that were significantly down-or upregulated in the Fig. 4 Interaction Network 2 showing relationships between proteins in the second significantly scored network (P-score = 25) identified by Ingenuity Pathway Analysis. The color of nodes indicates increased-(red) or decreased-(green) expression of a protein in alcohol drinking mice as relative to water drinking controls. Proteins in grey nodes were not identified as being differentially expressed in our study but represent interacting proteins that were identified in the computationally generated networks. Black lines represent direct relationships between proteins and dashed lines represent indirect relationships. The interacting proteins and relationships were all identified based on the wealth of evidence stored in the IPA knowledge memory indicating relevance for this network NAcb (Tables 1 and 2 , respectively) after 1 month of voluntary alcohol drinking. An overview of proteins targeted in the NAcb reveals that chronic alcohol drinking alters an array of protein networks that regulate various diseases and disorders, molecular and cellular functions, development, and behavior. Protein-set enrichment using IPA identified statistically significant overrepresentation of clusters of alcohol-sensitive proteins in known disease states and various fundamental nervous system functions (Table 3) . Functionally, the clusters are extraordinarily diverse, ranging from skeletal and muscular disorders to cell signaling, and endocrine development and function. Importantly, the cluster with the greatest statistical significance encompassed protein sets that have known functional involvement in neurological and psychological disorders suggesting that alcohol use may alter the course of neurological and psychological disorders, such as diseases of the basal ganglia. Given the ubiquitous impact of alcohol on the NAcb proteome, a variety of medications development strategies are apparent. For example, pharmacological therapeutics might target protein networks that regulate a variety of functions, such as neurological diseases, cell death and survival, or cell-to-cell signaling.
To narrow the focus of this approach, we conducted a functional annotation analysis using DAVID bioinformatics tools that identified a cluster of proteins linked to the Gene Ontology term: Bresponse to ethanol.^Within this cluster was GSTP1, the most prevalent member of the multifunctional glutathione S-transferase (GST) family of enzymes that serve major roles in cellular detoxification and signal transduction by conjugating target substrates to glutathione. GSTP1-1 binds and inhibits stress-activated c-Jun Nterminal kinase (JNK), a critical regulator of cell proliferation and apoptosis (Ruscoe et al. 2001) . GSTP1 represents an interesting target for addiction therapeutics due to its role in oxidative stress, which can be induced by drugs of abuse including cocaine and alcohol (Uys et al. 2014) . Moreover, cocaine increases GSTP1 expression in rat NAcb, and an inhibitor of GSTP1 blocks expression of cocaine-induced behavioral sensitization (Uys et al. 2011) .
Due to the role of GSTP1 in tumorigenesis, this protein has emerged as a potential cancer therapeutic target and a variety of small molecule inhibitors are available. We tested effects of pre-session administration of Ezatiostat hydrochloride, a tripeptide analog of glutathione that is metabolized to TLK117 which crosses the blood brain barrier and can selectively inhibit GSTP1 catalytic activity with minimal effect on the related GSTα and -μ families (Ruscoe et al. 2001; Laborde et al. 2010) . Ezatiostat has been shown to stimulate the proliferation of myeloid precursors in preclinical models and has been tested in clinical trials for prevention of myelosuppression in myelodysplastic syndrome (Raza et al. 2009 ). After systemic administration, Ezatiostat dosedependently reduced both alcohol-reinforced response rate and alcohol intake (g/kg) under operant self-administration conditions, which is direct evidence of reduced reinforcement function of alcohol. The two highest doses of Ezatiostat had Skeletal and muscular disorders 0.00094 ATP5J↑, CYC1↓, FTH1↓, GAPDH↓, GSTP1↑, NDUFA8↓, Nrgn↑, PEBP1↓, PFN2↓, PPP3R1↓, RAN↓, SNCA↑, SOD1↓, TPI1↓, TUBA1C↓, UQCRC1↓ Renal and urological disease 0.00061 GAPDH↓, GMFB↑, GSTP1↑, PEA15↓, PRDX3↑, SNCA↑, SOD1↓
Molecular and cellular functions P value Proteins Cell death and survival 0.00043 GAPDH↓, GMFB↑, GSTP1↑, PEA15↓, PPP3R1↓, PRDX3↑, SNCA↑, SOD1↓
Cellular assembly and organization 0.00092 CFL1↓, CFL2↓, GAPDH↓, PFN2↓, PHB↓, PRDX3↑, SNCA↑, SOD1↓ Cellular compromise 0.00054 GMFB↑, PRDX3↑, SNCA↑, SOD1↓
Cell-to-cell signaling and interaction 0.00021 CFL1↓, GAPDH↓, Nrgn↑, PPP3R1↓, SNCA↑ Cell morphology 0.00029 GAPDH↓, PRDX3↑, SNCA↑, SOD1↓ Physiological system development and function
P value Proteins
Behavior 0.00023 CFL1↓, PCSK1N↓, SNCA↑ Embryonic development 4.64E-5 GAPDH↓, PEA15↓, PPP3R1↓, PRDX3↑, SNCA↑, SOD1↓
Nervous system development and function 0.00092 CFL1↓, Nrgn↑, PEBP1↓, PFN2↓, PPP3R1↓, SNCA↑, SOD1↓ Tissue morphology 0.00092 GSTP1↑, PEA15↓, PFN2↓, SNCA↑, SOD1↓
Endocrine system development and function 0.00085 CFL1↓, PHB↓ no effect on locomotor activity in alcohol exposed mice, suggesting that the reduction in alcohol self-administration was not associated with nonspecific motor inhibition. Alternatively, under tests of reinforcer specificity, Ezatiostat reduced sucrose self-administration only at the highest dose tested, which also inhibited locomotor activity. The observation of a sedative effect in sucrose, but not alcohol, selfadministering mice, suggests that alcohol self-administration may engender cross-tolerance to the locomotor, but not reinforcing effects of Ezatiostat. Our follow-up immunoblot results from Experiment 2 (Fig. 5a) showed that the effect of alcohol on regulating levels of GSTP1 was restricted to the NAcb. Although systemic injection of Ezatiostat likely inhibited GSTP1 throughout the periphery and CNS, we know that GSTP1 is a target of alcohol in the NAcb and our data indicate that inhibiting this protein modulates the reinforcing effects of the drug. A future step to pin down the circuitry of this effect would be to microinject Ezatiostat directly in the NAcb. Overall, given the extensive development and testing of GSTP1 inhibitors in cancer therapeutics, this target may represent a viable candidate for cross-assessment in addiction and other neurological disorders. Although, the mechanism(s) by which chronic alcohol drinking upregulated GSTP1 in the NAcb remain to be clarified, evidence suggests that GSTs may influence the development of alcohol addiction. For example, alcohol exposure can induce oxidative stress in a manner associated with increased GSH levels in rodent brain regions (Nordmann 1987; Reddy et al. 1999 ) and a gene microarray study found significant alterations in GSTA4 and GSTM1-5 expression in selectively bred ethanol-preferring (AA) rat cortex as compared to nonpreferring (ANA) rats (Bjork et al. 2006) . In addition, studies conducted on post-mortem human alcoholic brain tissue have identified oxidative stress as a common target of addiction in cortical regions (Flatscher-Bader et al. 2006) . Thus, results of the present neuroproteomic approach are consistent with a growing understanding of the potential mechanistic role of glutathionylation and redox signaling in addiction (Uys et al. 2014) and behavioral response to drugs (Uys et al. 2011) , and suggest that alcohol-induced upregulation of GSTP1 in the NAcb may reflect a general adaptation encompassing a variety of molecular functions that regulate the reinforcing effects of the drug during chronic use.
A feature of IPA analysis is that it identifies proteins that interact with the target dataset based on known protein-protein interactions from the literature. For both target networks, extracellular regulated protein kinase (ERK) was detected as an interaction node. Network 1 exhibited ERK interaction with 9 target proteins including GSTP1 and SNCA (Fig. 3) . In Network 2, ERK exhibited relationships with 12 interacting proteins and 1 target protein (PEBP1; Fig. 4) . The central involvement of ERK in both networks supports prior research from our group showing that (ERK) regulates several behavioral responses to alcohol, including the discriminative stimulus (Besheer et al. 2012 ) and positive reinforcing (Faccidomo et al. 2009; Faccidomo et al. 2015) effects of the drug. ERK activation is also associated with cue-induced reinstatement of alcohol-seeking behavior (Schroeder et al. 2008) . The ERK signaling cascade transduces membrane receptor activity into long-term changes in gene expression through a series of kinase reactions involving Ras/Raf-1/MEK and ERK. In the present study, chronic alcohol drinking directly decreased protein expression of the Raf-1 kinase inhibitor protein RKIP (PEBP1; Fig. 5b ), an effect that was restricted to the nucleus accumbens, showing that the ethanol-induced decrease in the expression of this protein is conserved to the NAcb under these conditions. This observation is consistent with evidence showing that chronic alcohol reduces RKIP expression in human neuroblastoma cells (Hellmann et al. 2009 ). Upon activation by PKC, RKIP dissociates from Raf-1 and phosphorylates G protein-coupled receptor kinase-2 (GRK-2), which blocks its activity. Since GRK-2 is inhibitory, blockade by RKIP disinhibits GPCR activity and facilitates signal transduction from Raf-1 to MEK (Lorenz et al. 2003; Trakul and Rosner 2005) . In addition, RKIP controls activation of the nuclear NF-κB family (identified as an interacting protein in Network 2; Fig. 4 ) of transcription factors that regulates expression of genes involved in immune function, stress response, and cancer (Karin and Greten 2005; Li and Verma 2002; Tang et al. 2010 ). Since RKIP is decreased in specific tumors and metastatic tissue, there is growing interest in developing approaches that restore RKIP or enhance interaction with RKIP target proteins in cancer therapy (Zeng et al. 2008) . Similar strategies might be useful in medications development for alcohol addiction.
Of the 17 proteins that fell into the neurological and psychological disorders cluster, many have been previously reported to be alcohol-sensitive, which is in strong agreement with results from the present study. For instance, alphasynuclein (SNCA) was upregulated by 1.59-fold in the NAcb of alcohol drinking mice as compared to water controls. This is consistent with an array of clinical and preclinical studies linking SNCA to alcohol addiction (reviewed by (Janeczek and Lewohl 2013) ), including evidence that that alcohol-preferring rats have higher levels of SNCA expression in the NAcb core (Pelkonen et al. 2010 ) and that αSYN transgenic mice show increased reinforcing effects of alcohol under operant self-administration conditions (Rotermund et al. 2017) . It is of significance that SNCA was a key node in all protein clusters identified by IPA in the present study (Table 3 ). In addition to serving major roles in neural cell development and signaling, SNCA is a major causative gene in familial Parkinson's disease (PD) and has been linked to dementia associated with PD, Alzheimer's disease, and Lewy bodies disease (Irwin et al. 2013) . Given this ubiquitous function of SCNA, alcohol-induced protein upregulation might influence basic molecular and cellular functions ranging from embryonic development to cell death and survival. Further work is warranted to evaluate SNCA as a target for medications development in alcohol addiction, and neurodegenerative diseases associated with alcohol abuse and alcoholism.
A number of additional alcohol-sensitive proteins were detected in the NAcb proteome that represent potential targets for medications development, including neurogranin (NGRN), calcineurin (PPP3R1), and calmodulin 1 and 3. NGRN is a calmodulin-binding protein that is highly expressed in neurons of addiction-associated brain regions including frontal cortex, hippocampus, amygdala, and striatum (Diez-Guerra 2010). NGRN is phosphorylated exclusively by PKCγ (Ramakers et al. 1999 ), a kinase long-known to regulate alcohol sensitivity and intake . At the synapse, increased NGRN expression localizes calmodulin at the neuronal membrane where binding to CAMKII lowers the threshold for long-term potentiation (Zhong and Gerges 2012) . We have shown that CaMKII signaling in the amygdala is associated with increased glutamate synaptic activity and required for the reinforcing effects of alcohol (Salling et al. 2016 ). In the frontal cortex, CaMKII activity inhibits alcohol self-administration via top-down control ). Moreover, cue-induced reinstatement of CaMKII-T286 phosphorylation is upregulated in the NAcb (Salling et al. 2017) , suggesting that alcohol-induced alterations in calcium signaling influence long-term behavioral pathologies associated with abstinence and relapse. Interestingly, NGRN is dephosphorylated by calcineurin (Seki et al. 1995) , thus, increased calcineurin in the present study is consistent with an adaptive response to upregulated NGRN and associated signaling in the reward pathway. Overall, these data identify novel mechanisms by which altered calcium signaling in the NAcb might enhance the reinforcing effects of alcohol during initial stages of chronic drinking. Additional studies evaluating calmodulin, calcineurin and neurogranin as potential targets for medications development may shed new light on calcium-mediated regulation of behavioral pathologies in alcohol addiction.
In conclusion, the primary goal of this preclinical study was to increase understanding of global proteome-wide adaptations within the NAcb (e.g., reward pathway) that underlie chronic alcohol drinking. Results showed that chronic drinking alters protein expression in a wide array of networks that regulate basic functions of the nervous system and impact neurological and psychological disorders, such as Alzheimer's and Parkinson's diseases. These pathways, and specific protein nodes, represent a rich source of potential therapeutic targets for treatment of behavioral pathologies in alcohol addiction. We also sought to exploit this information in the continuing search for druggable targets that might be useful in the medical management of maladaptive chronic alcohol drinking. The protein GSTP1 was upregulated by alcohol drinking, and highly represented in protein clusters associated with neurological diseases, molecular and cellular functions, and physiological systems identified by bioinformatic analyses. Therefore, we chose to test the potential therapeutic efficacy of the GSTP1 inhibitor Ezatiostat, a small molecule compound that has been evaluated in clinical trials for various conditions including Myelodyplastic Syndrome, Chronic Neutropenia, and several forms of cancer. Inhibition of GSTP1 produced a dose-dependent reduction in the reinforcing effects of alcohol, indicating potential efficacy in reduction of chronic repetitive drinking, which is a hallmark of alcohol addiction. Additional preclinical studies are warranted to determine further efficacy in behavioral pathologies associated with dependence, such as relapse or escalated drinking during withdrawal. Overall, this study underscores the range of biological systems and processes that are altered by alcohol use, and strongly supports the need to discover biomarkers of specific behavioral pathologies and translate this information into targeted pharmacological therapeutic (Heilig and Leggio 2016) .
